INTRODUCTION
The reactions of alkyl radicals with molecular oxygen constitute an important class of reactions in combustion. It is the properties of these reactions that cause the change in oxidation mechanism of alkanes between 500K and 800K and the "negative temperature coefficient" of their overall oxidation rate in the same temperature regime [1. -3] . Ethyl (C2H5) is the prototype alkyl radical, and consequently its reaction with 02 has been studied extensively in the laboratory [4] [5] [6] [7] [8] [9] [10] [11] [12] . There have also been several attempts to treat the reaction theoretically [8, 13, 14] , the most extensive of which is the study of Wagner, et al [8] . The latter authors also provide a comprehensive review of the literature through 1990, so we may dispense with that here.
The present investigation is theoretical. It is a rather substantial extension of the work of Wagner, et al., who treated the C2H5 + 02 reaction as the sum of four separate elementary reactions, each with its own pressure-and temperature-dependent rate coefficients. These rate coefilcients were calculated from chemically activated RRKM theory using canonical variational transition-state theory for the loose transition state and a pseudo strong-collider model to calculate the effects of collisions. In the present investigation, we use ab initio electronic structure theory (density functional theory (DFT) and a G2-like method) to characterize various features of the potential energy surface, and we use microcanonical (pVT) and microcanonical/J-conservative (pVT-J) variational transition-state (RRKM) theory to calculate the high pressure limit of the addition reaction and the zero-pressure limit of the bimolecular channel. Most importantly, however, we use solutions to the time-dependent master equation to characterize the reaction over wide ranges of temperature and pressure, including the "transition region" 'between 500 K and 800 K. Figure 1 shows a potential energy diagram for the C2H5 + 02 reaction. The energies of the stationary points on the potential energy surface (PES) come from the work described below. Our objective is to calculate the total rate coefficient for the reaction, k(T,p), and the branching fraction ct(T,p), i.e. the fraction that forms the bimolecular products C2H4 + H02.
THEORY

QUANTUM CHEMISTRY
The C2H5 + 02 reaction has been the subject of a number of ab initio quantum chemical studies (cf. [15] [16] [17] . and references cited therein) with methods ranging from density functional theory to more traditional MPn, coupled cluster, and configuration interaction methods. The vibrational frequencies obtained in the B3LYP [18] /DZP analysis of [16] are employed in the present investigation. In the 2 .
. interest of further delineating the allowable energetic, we have evaluated stationary-point energies with an approach that is closely analogous to the G2 method [19] :
where E(o) is the zero-point vibrational energy.
These evaluations and the rate coefficient calculations discussed below employ molecular structures obtained from B3LYP/6-311 ++G(d,p) optimizations. The higher level corrections (HLC) used in different variants of G2 theory [19] [20] [21] yield a decrease in the energy (relative to reactants) of about 2.6 -3.1 kcal/mole for each of the stationary points of interest here. In contrast, the more recent G3 theory [27] suggests the HLC should be only -0.3 kcal/mole, and that this is likely to be a better correction even for calculations at the G2 level. Thus, this smaller correction is employed here.
The results of these G2-like calculations are provided in Table I , and are seen to be in reasonable agreement with the corresponding B3LYP calculations of [16] , but they do indicate a general lowering of the energies. Also shown in Table I are the stationary-point energies deduced by comparing our ratecoefficient calculations with experiment. These energies are in good agreement with the ab initio results.
THE LOOSE TRANSITION STATE
There are no electronic structure calculations from which to draw information about the PES along the C2H5 + 02 entrance channel, and it is beyond the scope of the present work to provide such information. Consequently, we approximate the potential in this region of the surface by the method described by Miller and Klippenstein [22] . Briefly, the potential consists of three parts:
1) The Potential along the reaction coordinate -This part of the potential is approximated by the Varshni function [22, 23] . The two parameters in the Varshni potential come from knowledge of the .
bond energy and from a DFT calculation of the force constant matrix at the potential minimum.
2. The~otential for the "conserved" demees of freedom orthogonal to the reaction coordinateThis part of the potential corresponds to the degrees of freedom that can be identified as normal-mode vibrations in the separated fragments and is assumed to be the same as in the fragments.
3. The Potential for the "transitional" demees of freedom orthogonal to the reaction coordinateThis part of the potential is described in terms of a set of internal angles. The potential is written essentially as a sum of products (in pairs) of sinusoidal functions with the appropriate phases and periods determined by symmetry (see eq. 4 of ref. 22) . The coefficients in the expression are functions of the bond distance R and are determined by calculating the appropriate force constant matrix using 3 DFT at the potential minimum, Fti(RO), and assuming that these matrix elements decay exponentially .
with bond distance,
The only adjustable constant is q, and we adjust its value, q = 1.45A-1, to give an accurate representation of the high-pressure (p), low-temperature (T) rate coefficients.
The sum-of-states functions N1*(E,J) and N1*(E) are calculated with the VARIFLEX [24] computer code using methods developed by Klippenstein [25] . In the former case there is one transition-state dividing surface TS-1 for every E, J combination, and in the latter there is one for every E, where E is the total energy and J is the total angular momentum quantum number.
HINDERED ROTORS, SYMMETRY NUMBERS, AND STATE COUNTING
The CH3.. .CH2 torsional mode in the ethyl radical is treated in the present investigation as a hindered rotor using a Pitzer-Gwinn approximation [26] for the canonical partition function of the reactants. The corresponding contribution to the transition state partition function has been evaluated with a microcanonical analog. In particular, the hindered-rotor density of states is evaluated as the classical hindered rotor density times the quantum harmonic density divided by the classical harmonic density. The hindered-rotor rotational constant (15.2 cm-l) is evaluated according to the prescription provided by Pitzer in Eq.
(1) of [28] . A sinusoidally hindered potential of period 2n/3 is employed with the barrier height set to yield the ab initio harmonic vibrational frequency at the minimum of the hindering potential. Rotational symmetry numbers of 3 and 2 are employed for the ethyl and oxygen fragments, respectively. The transition state evaluations for the entrance channel include the contribution from the binding of only one of the two oxygens. Thus, the net symmetry number for the entrance channel transition state is reduced from 6 to 3. The reaction is assumed to occur only on the ground doublet electronic PES, and so an electronic correction factor of 1/3 is applied to the total rate coefficient.
For the complex (CH3CH202) we have treated both the 00.. .CH2CH3 and the CH3.. .CH200
torsional modes as hindered rotors using a microcanonical analog of the Pitzer-Gwinn approximation.
The internal rotational constants for these two hindered rotors are 2.22 cm-l and 5.65 cm-l, respectively.
Hindering potentials of period 2n/3 are employed for both these modes, since the trans and two gauche For the exit channel transition states (TS-2, TS-3, and TS-4) all vibrational modes are treated as harmonic oscillators, and the rotational symmetry number is unity. The sums of states NZ*(E,J), N3*(E,J), and N4*(E,J)are computed from conventional transition-state theory by the usual methods [29] .
The corresponding N*(E)'s are calculated from N*(E)= 2#2J+l)N*(E,J).
RATE COEFFICIENT CALCULATIONS
First consider the two limits, the high-pressure limit of the addition reaction and the zeropressure limit, which of course includes only the bimolecular product channel. Using pVT-J, we can write the corresponding rate coefficient expressions as 
2J + I) N~(E,J)] exp (-~E)dE hQR(T)~~I
where~= (kBT)-l, kB is Boltzmann's constant, h is Planck's constant, and QR is the reactant partition function, including relative translational contributions. In these expressions the electronic degeneracies and symmetry numbers have been subsumed into QR and the N*(E, J) 's. The pVT approximations to kO(T) and L(T) are similar to the above except that there is no sum over J, the N*'s are only functions of E, and there is only one TS-1 for every E. Equation (4) assumes that TS-2 gives the only contribution to the bimolecular channel and that, once this TS is traversed, a complex inevitably goes on to form C2W + H02. The latter is a safe assumption, and to check the former we have performed a few calculations with N2*(E, J) in Eq. (4) replaced by N2*(E, J) + N3*(E, J) + N4*(E, J). This gives us an estimate of the upper limit of the error incurred by neglecting TS-3 and TS-4 as possible exit paths from the initial complex.
To calculate rate coefficients as a function of T and p we solve the time-dependent, onedimensional master equation. To formulate the problem, envision the situation typical in kinetics experiments, nczm << noz << nHe, where n denotes number density. For the present investigation we assume that the bath gas is always helium and that the reactants are constantly maintained in a thermal distribution. Under these conditions we can write a linear master equation for n(E), where n(E)dE is the number density of C2H502 complexes between energies E and E + dE, and a linear rate equation for nczHs. Space limitations
5
. prevent us from giving a derivation here, but it is possible to express these equations in a simple form.
After approximating the collision integral in the master equation as a sum, the problem can be posed in and XP (t) = 1-)(C2+ (t) -XC2H502 (t) ,
where XP= nc2+5(o) = nc2H5(o) "
In interpreting our results we calculate k(T, t), which we define as
If all the C2H5 ultimately reacts (it does in the cases considered here) and we have good exponential decays, k(T, t) = k(T) (the total rate coefficient) is constant in time. At sufficiently high pressure, in the temperature range roughly between 575 K and 700 K, we get multiple exponential decays. In these cases we characterize the rate using Eq. (8) at the time when XC2W= 0.5. When there is any ambiguity in the branching fraction, we define ct(T, p), the fraction of the reaction that produces C21& + H02, as xP(t) at a time when XC2H5 = 0.01.
In all our master equation calculations we use a standard exponential-down model for the energy transfer function with <~d> = 200"cm-'. All the calculations were done with VARIFLEX.
RESULTS AND DISCUSSION
First, let's look at the behavior of the reaction from a broad perspective. Consider 1) Low-temperature rezime -In this regime the reaction exhibits normal behavior. The rate coefficient and branching fraction are functions of T and p, and the time evolution is perfectly exponential, i.e., the rate coefficient is well defined. This regime persists up to T = 600 K.
2) Transition re~ime -Roughly between 600 K and 700 K the xczHs(t) is decidedly nonexponential, at least at sufficiently high pressure. Consequently, it is impossible to extract a rate coefficient rigorously from the calculation, at least in the normal sense. The temperatures at which this occurs correspond to the equilibration of the hypothetical C2H5 + 02+-+ C2H502 reaction. For the conditions of our calculations, the equilibrium fraction of C2H5 tied up as C2H502 at 500 K is 0.997, but it drops off precipitously to 0.108 at 700 K and 0.0051 at 800 K. The complex behavior of the reaction in this regime is due to the simultaneous dissociation of C2H502 to both C2H5 + 02 and C2H4 + HOZ after varying degrees of stabilization. Note the dramatic drop-off of the rate coefficient in Figure 2 at high pressures between 650 K and 700 K as the stabilization reaction equilibrates. Stabilization becomes problematic under these conditions, and the only outlet is the bimolecular channel. The
temperature range for this regime is sensitive to the C2H5 -02 bond energy. We chose the value of 34 kcal/mole usedinthe calculations toagree withexperimentd observations. Itisreassuring thatour G2-likecalculation of33.9kcal/mole isinexcellent agreement withthis number. Previous estimates [8,.30] are also compatible with these results, but the DFT bond energy of 29 kcal/mole is clearly too small.
3) High-temperature regime -The onset of this regime is at T = 700 K. By 750 K the only products of the reaction are C2N + H02, and the rate-coefficient curves k(T,p) in Figure 2 for all pressures have coalesced to the zero-pressure limit. This latter result is somewhat surprising, particularly when we realize that the C2H502 complex still suffers numerous collisions at high pressure.
In this regime the reaction can be characterized by a single set of products, C2~+ H02, and a single rate coefficient k(T) independent of Pressure. As the last sentence implies, we again get good exponential decays in xczHs(t). uncertainty, they do. The rate coefficients in the high temperature regime (T> 700 K) are governed almost exclusively by TS-2, and we adjusted the value of its energy Ez in our calculations to give good agreement with the experimental rate coefficients in this regime. This value of E2 = -4.3 kcal/mole (measured from reactants) is in reasonably good agreement with our G2-like ab initio resuh of Ez = -3.0 kcal, but it differs somewhat from the DFT calculation of -1.9 kcal/mole. Using E2 = -1.9 kcal/mole in our calculations gives rate coefficients in the high temperature regime that are substantially smaller than those+hown in the figure (by approximately a factor of 4 at T = 1000 K).
Also shown in Figure 5 are the pVT and p.VT-J results for~(T.). The pVT rate coefficient is 29% larger than that calculated from pVT-J at T = 250 K, a difference that diminishes with increased temperature until it is virtually imperceptible for T >500 K. The two rate coefficients come together at high temperature, because kO(T) begins to be controlled exclusively by the single tight transition state TS -2, i.e., the flux through TS -1 becomes effectively infinite (see Eq. (4)), and we are left with a conventional transition-state theory result, with TS -2 the transition state. The contribution to kO(T) from TS-3 and TS-4 is no more than 9% at 2000 K (calculated using the G2-like barrier heights of Table   I ); it is much less at lower temperatures. For 700 K < T <2000 K, we can express b(T) as kO(T)= 3.19
x 10-17T1"02exp(2035/RT) cm3/molec.-sec., which should be sufficiently accurate for flame modeling.
The transition-state energy Ez also plays a major role in determining the branching fraction @T,p) in the low-temperature regime. In Figure 6 we compare our predictions for a with the experimental results of Clifford, et al [12] , who measured the branching fraction from room temperature to 700 K at a constant helium number density of 1.1 x 1018/cm3. The agreement between theory and experiment is quite satisfactory. Both show a slow rise in a from room temperature to about 575 K, followed by the very rapid rise between 575 K and 700 K that occurs as the C2H5 + 02-C2H502
reaction equilibrates. Figure 7 shows the time history of xczI-Is(t),xczHsoz(t), and 1 -xP(t) on a semi-log plot for T = 700 K, p = 100 Torr. This plot is characteristic of the behavior we observe throughout the transition regime (at sufficiently high pressure). The reactant concentration shows a distinctly non-exponential decay. The function xczm(t) first decays rapidly as xc2moz(t) rises. After xc2m02(t) peaks, both xc2m(t) and xc2m02(t) decay with the same exponential time constant. The most interesting result from Figure 7 is that the bimolecular products, xP(t), are governed by this same long-term time constant even' at very short times. The calculations indicate that an experiment that measured only the products would be able to detect the transition regime only through the rapid rise in @T,p) with T at these temperatures. There would be no indication of any difficulty in determining a good rate coefficient from such experimental data in this regime.
It is instructive to interpret our results in terms of the eigenvalues and eigenvectors of G. Two eigenvalues play a major role. At low temperature it is the second largest eigenvalue of G (i.e. the second least negative), h2, that determines the time evolution of both the reactants and products. The largest eigenvalue, 11, is associated with the thermal dissociation of C2H502 to C2~+ H02 and is much larger than 12. This largest eigenvalue decreases rapidly with increasing temperature, and in the transition regime 11 and 12 are of comparable size. We thus observe the behavior described above. In the high-temperature regime there is again a separation of the eigenvalues, but now it is Al that governs the time evolution of C2H5 and 02 to C21& + H02.
A question about the importance of the direct abstraction channel always arises in discussions of alkyl radical+ 02 reactions. For the present case we have used the G2-like transition state of Table I 
CONCLUDING REMARKS
We have used a variety of theoretical techniques to study the reaction between ethyl and 02 over 
FIGURE CAPTIONS
Reaction coordinate diagram for the CZH5 + Oz reaction, based primarily on the G2-like energies of Table I . Isobaric rate coefficients as a function of temperature plot of xczI-Is(t),XC2H502(W) -XC2H502(t), and xP(W)-xP(t) on a seti-10g plOt fOr T = 300 K, p = 1 Torr. Straight lines indicate "normal" behavior.
Comparison of high-pressure rate coefficients with experiment.
Comparison of low-pressure rate coefficients with experiment.
Comparison of the branching fraction u(T) with the experiments of Clifford, et al. [12] for a fixed helium number density of 1.1 x 10*8/cm3. Time history of xC2H5(t), xC2H502(t), and l-xP(t) for T = 700 K, p = 100 Torr. 
